Femtosecond x-ray absorption spectroscopy of spin and orbital angular momentum in 
photoexcited Ni films during ultrafast demagnetization 
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We follow for the first time the evolution of the spin and orbital angular momentum of a thin 
Ni film during ultrafast demagnetization, by means of x-ray magnetic circular dichroism. Both 
components decrease with a 130 ± 40 fs time constant upon excitation with a femtosecond laser 
pulse. Additional x-ray absorption measurements reveal an increase in the spin-orbit interaction by 
6±2 % during this process. This is the experimental observation of a transient change in spin-orbit 
interaction during ultrafast demagnetization. 

PACS numbers: 78.47.J- 71.70.Ej 75.25.-j 78.70.Dm 
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The manipulation of long-range ferromagnetic order 
by a femtosecond (fs) laser pulse is known for more than 
a decade [l|. In spite of its implications for overcom- 
ing speed limits in conventional magnetic data storage 
0, the underlying microscopic mechanism remains un- 
known. Experimental evidence for femtosecond demag- 
netization of 3d transition metal systems such as ferro- 
magnetic Ni [l|, [^-Q or Co were interpreted in terms 
of spin flip scattering processes during laser-excited hot 
electron relaxation @]. Ab initio calculations for Ni seem 
to confirm the feasibility of this scenario for spin angular 
momentum transfer to the lattice [9]. However, it was 
argued that the combination of spin-orbit coupling and 
a strong laser field could lead to a novel excited state 
promoting ultrafast demagnetization [10j|. Despite many 
attempts, only very recently experimental evidence was 
reported which could support such a scenario [ll| . How- 



ever, the validity of the employed magneto-optic experi- 
mental probe has been debated in the literature [l^, [13 ■ 
It is, therefore, of paramount importance to characterize 
the possible laser-induced transient state by independent 
experimental tools. Such studies will also have signifi- 
cant impact on the recently reported all-optical magnetic 
switching in transition metal, rare-earth compounds [l3 | . 

Here we report the direct observation of a transient 
increase in spin-orbit coupling during laser-induced ul- 
trafast demagnetization of a thin ferromagnetic Ni film. 
This is correlated with the decay of spin, S, and orbital, 
L, momentum. We use sum rule analysis of the time- 
resolved x-ray absorption spectroscopy (XAS) and x- 
ray magnetic circular dichroism (XMCD) signals. These 
techniques do not suffer from the state-bleaching effects 
observed in optical spectroscopy [l^, since initial and 
final states are different for optical excitation and x-ray 
probe [lH . The fs laser pulse causes a decrease in both 
S and L from their equilibrium value down to « 10 %, 
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with a time constant of 130 fs as detected by XMCD. 
During this process, a transient increase in (S ■ L), the 
expectation value of the spin-orbit operator, by 6 % is 
observed by XAS. The observed temporal behavior al- 
lows us to relate this to the driving force for ultrafast 
demagnetization. 

The experiments were performed at the BESSY II fem- 
toslicing source [H, |T3] , which produces photons of freely 
selectable polarization in the soft x-ray range with dura- 
tion of 100 fs. The newly designed beamline UE56/1- 
ZPM is optimized for the very low photon flux from the 
fs x-ray source. It produces a 20 times higher x-ray in- 
tensity compared to the standard beamline used in our 
first fs laser pump - fs x-ray probe experiments . This 
is achieved by using a single optical element, a Bragg- 
Fresnel reflection zone plate, for focusing and energy dis- 
persing the x-ray beam [l^ . X-rays tuned to the L2 and 
L3 absorption edges were transmitted through a thin film 
sample, promoting the 2pi/2 and 2^3/2 electrons, respec- 
tively, into the 3d valence shell. XMCD was measured 
using circularly polarized x-rays, with an applied mag- 
netic field of hqH = 0.24 T that was reversed at each 
point of the scan, oriented collinear to the x-ray beam. 
As XMCD measures the projection of the magnetic mo- 
ments onto the x-ray propagation direction, a 35° angle 
of incidence on the in-plane magnetized sample was used. 
Additionally, XAS data were taken with linearly polar- 
ized x-rays in normal incidence and without applying a 
magnetic field. With these experimental conditions we 
exclude any influence of the sample magnetization on the 
XAS data. The samples consisted of 17 nm and 35 nm 
thick Ni films, evaporated in situ under ultrahigh vacuum 
conditions onto a free-standing Al foil of 500 nm thick- 
ness. Characterization of the structural and magnetic 
properties was carried out by x-ray absorption and hys- 
teresis loop measurements using XMCD. The laser setup 
consists of an amplified Ti:Sapphire laser capable of a 
pulse energy of 2 mJ at a repetition rate of 3 kHz, 780 nm 
wavelength, and pulse length of 60 fs. The laser beam is 
split, and 85 % of the initial energy is used for the gen- 
eration of the ultrashort x-ray pulse in the storage ring. 
The remaining 15 % are guided onto the sample as pump 
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FIG. 1: (Color online) Time-resolved XMCD and XAS mea- 
surements on a 17 nm Ni film. In (a), the pump-probe delay 
scans of the XMCD signals are plotted, measured at the L3 
and 1/2 absorption edges, with a pump fluence of 12 mj/crn^ . 
The lines are fits with an exponential decay with 130 fs time 
constant, convolved with a Gaussian with 130 fs FWHM. In 
(b), the laser- induced changes in absorption on the leading L3 
and L2 edges are plotted, normalized to the same amplitude. 
The photon energy was set to maxima found in Fig. [Sfb). 
Pump fluence was 16 mj/cm^. 



pulse, after passing a chopper blocking every other laser 
pulse. This allows us to simultaneously record the x-ray 
absorption of the pumped and the non-pumped sample in 
the same measurement. The laser spot diameter on the 
sample was « 1 mm, and the x-ray probe size « 0.2 mm. 

In Fig. [1] we show the temporal evolution of the XMCD 
and XAS data after exciting the Ni film with a fs laser 
pulse. Starting from a constant dichroism before time 
zero in Fig.[TJa), the XMCD signal measured at the L2,3 
absorption edges is reduced to 10 % of its initial value for 
time delays longer than 1 ps. Fitting with an exponential 
decay, convoluted by a Gaussian of 130 fs [full width at 
half maximum (FWHM)] representing the experimental 
resolution, results in the same time constant of 130 ± 
40 fs for the XMCD dynamics at the L2 and L3 edges. 
This complete dichroism measurement allows us in the 
following to determine the evolution of spin and orbital 
angular momentum in the fs time range. 

In addition to the XMCD, we find in Fig.[TIb) that also 
the absorption of linearly polarized x-rays is influenced 
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FIG. 2: (Color online) XAS of a laser-excited 35 nm Ni film, 
measured at 200 fs pump-probe delay with linearly polarized 
x-rays. The absorption with and without laser pumping is 
drawn in (a) as continuous and dashed line, respectively. The 
dotted line represents an equilibrium absorption spectrum, 
measured independently without time resolution. A double 
step function at Z/3 and L2 with amplitude ratio 2 : 1 is drawn 
as dashed-dotted line. All data are normalized to an edge 
jump of 1. In (b), the difference between the pumped and 
the unpumped absorption is plotted. The shaded areas are 
guide to the eyes to highlight the difference of A A3 and AA2. 
Energy resolution of the spectra was 1.5 eV, and laser pump 
fluence was 12 mj/cm^. 



by the intense laser pump pulse. The effect is more sub- 
tle than the one observed with XMCD. It has first been 
observed on the L3 edge and the L3 satellite |19i] , the 
latter however only in thermal equilibrium 100 ps after 
laser heating. As we will demonstrate in the following, 
a comparison of the dynamic XAS measurements of the 
two absorption edges, L2 and L3, on the fs time scale 
shown in Fig. [ijb) reveals important new information 
about the valence electron system in the laser-excited 
sample. Note that the two difference curves in Fig. [Ijb) 
exhibit the same temporal behavior within the experi- 
mental accuracy. This behavior is, however, distinctly 
different from the XMCD signals in Fig. ^a): the XAS 
in Fig. [ijb) peaks at delay times while the XMCD in 
Fig. [T][a) is still in the progress of quenching. We will 
show in the following that this reflects the driving force 
behind ultrafast demagnetization. 
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To obtain a better understanding of the laser-induced 
XAS changes in Fig. [Ijb), we next look at the absorp- 
tion spectrum of the Ni film 200 fs after laser excita- 
tion and compare it to the spectrum of the unpumped 
sample, which was measured in parallel. The respec- 
tive absorption edges shown in Fig. [JJa) exhibit a small 
shift to lower photon energies for the laser-excited film. 
These shifts of the XAS threshold are better visible in 
the difference spectra plotted in Fig. [Sfb) . They are dis- 
cernable as the derivative-like line shapes occurring at 
both absorption edges. The fact that both absorption 
edges display shifts of identical sign, although of differ- 
ent magnitude, demonstrates the purely electronic origin 
of this effect. Note that any magnetic signatures should 
display opposite signs since spins and orbits are coupled 
(anti)parallel at the respective spin-orbit split absorp- 
tion edges. We previously assigned the shift in absorp- 
tion threshold to a transient 2p core-level shift induced 
by a valence-band narrowing, i.e., an increased electron 
localization [l9 1. Recent ab initio calculations of laser- 
excited Ni films 1^ reproduced our experimental find- 
ings, demonstrating that also repopulation of electronic 
levels plays a role. 

Integrating over the respective absorption edges in 
Fig. mb) reveals a further effect. This is illustrated 
by the two Gaussians with opposite amplitudes drawn 
as guide to the eyes along the ^^2,3 data of the in- 
dividual absorption edges. The integral is positive at 
but negative at L2, indicating the magnetic origin 
of these total intensity changes. It also follows that the 
branching ratio d^], defined as B ~ ^43/(^43+^2), is 
enhanced in the laser excited sample. Absorption into 
continuum states is accounted for by a double step func- 
tion [see Fig. [2] (a)] and is subtracted in our evalua- 
tion of the ^2,3 values. We find B = 0.75 in equilib- 
rium, and a relative change in AB/B — 0.63 ± 0.22 % 
for the excited state. At the same time, the total ab- 
sorption summed over both edges A2 + A^, is unchanged 
within the experimental error: the relative XAS change 
is {AA2 + AA'i)l{A2 + A3) = 0.3 ± 0.6 %. As a direct 
consequence, the number of holes in the 3d valence shell, 
TLh, remains constant during the excitation process [2l| . 
This fact will be used later in the sum rule analysis. A 
linear relationship links the branching ratio to the expec- 
tation value of the angular part of the id valence band 
spin-orbit coupling operator S • L as [2l| : 



B = Bn 



;s-L) 



(1) 



Using the branching ratio sum rule and the so-called sta- 
tistical value of Bo = 2/3 [2^, we can determine the 
relative change Z\(S • L)/(S • L) to 6 ± 2 %. The temporal 
evolution of Z\(S • L) is obtained by scaling the static val- 
ues of AA2^z taken from Fig.[2l^b) with the dynamic XAS 
curves in Fig. [TJb). The result is plotted in Fig. [31Jb). 

Now we turn to the evaluation of the time-resolved 
spin and orbital angular momentum through sum rule 
analysis [12, . Therein, S and L are given by linear 
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FIG. 3: (Color online) (a) Time-resolved spin and orbital 
angular momentum, obtained from XMCD data in Fig. [U^a) 
using sum rules. The lines are exponential fits with a 130 fs 
time constant, (b) Time-resolved changes in the spin-orbit 
interaction, (S • L). The shaded area marks the time during 
which the demagnetization process is active. The line in (b) 
is a fit with two exponentials with decay times of 100 fs (rise) 
and 300 fs (relaxation, for details see Ref. 0). All fits are 
convolved with a Gaussian of 130 fs FWHM. 



combinations of the dichroism, -D2,3, at the L2,3 edges: 



S 



1 D3 - 2D2 

2 A3 + A2 

2 D3 + D2 



3 A. 



hrih 



(2) 



(3) 



Here £'2,3 denote the difference in absorption for par- 
allel and antiparallel orientation of photon helicity and 
applied magnetic field, integrated across the absorption 
edge. A dichroism spectrum measured with the sample in 
equilibrium (not shown here), using Uh = 1.66, was used 
to determine the quantitative values of S and L before 
time-zero. To obtain the time-resolved evolution of S and 
L plotted in Fig.jSja), we used the transient XMCD data 
in Fig. [ija). These were acquired with an energy reso- 
lution of 5 eV, which essentially integrates the dichroism 
across the absorption edge. Here we neglected the so- 
called magnetic dipolar term, a correction that typically 
infiuences the spin value on a 10 % level 2J|. It was 
shown that the magnetic dipole term averages to zero in 
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angle averaged measurements or on polycrystalline sam- 
ples as used here [1^ . 

Previous measurements already showed that the total 
angular momentum J — S + L decreases on the fs time 
scale indicating an ultrafast angular momentum transfer 
to the lattice Q. Here we separate S and L for the 
first time. A very clear drop of the spin momentum is 
observed with the 130±40 fs time constant as determined 
from fitting the XMCD curves in Fig. [Ija). Also for 
the orbital momentum a fast drop induced by the laser- 
pulse is visible. Due to the large experimental error, we 
refrain from determining an individual time constant for 
L. However, the data for L are well reproduced by scaling 
the curve found for S. 

The obtained values S and L represent the projection 
of the corresponding vector quantities onto the x-ray in- 
cidence direction [23 - l26| . They are also averaged over 
the probing volume and, thus, measure the long-range 
ferromagnetic order. The almost complete loss of this 
ordering coincides with another process: the transient 
increase in the spin-orbit interaction, Z\(S • L), plotted 
in Fig. ^h). Both processes take place during a time in- 
terval of about 500 fs, initiated by the laser pump pulse. 
During this time interval, the Ni film looses 90 % of its 
magnetization. The associated total angular momentum, 
J, needs to be transferred to the lattice due to conserva- 
tion laws. Exactly within this time window, we observe 
a peak in Z\(S • L). As will be described in the follow- 
ing, this observation provides access to the microscopic 
driving force for demagnetization. 

In the presence of spin-orbit coupling S and L are no 
longer good quantum numbers, i.e., spin angular momen- 
tum can be transferred to the electron orbits and vice 
versa. This, however, conserves J unless there is coupling 
to the lattice 0,113, III] ■ Our data in Fig. [3] provide new 
boundary conditions for identifying this latter process. It 
has been argued that S must be temporarily transferred 
to L before the latter is quenched via crystal-field excita- 
tions [27]. Figure [U^a) suggests that this process is very 
effective, since S and L decay simultaneously. 

A conceptionally very similar picture is Elliott- Yafet 
spin-flip scattering, where spin-polarized electrons are 
scattered into regions of the Brillouin zone with a strong 
spin-orbit coupling, the so-called hot spots 0-0] • In hot 
spots, spin-up and spin-down bands in ferromagnets are 
mixed due to spin-orbit coupling Q. The characteristic 
feature of hot spots is that they contribute significantly 



to (S-L) but not to S. A transient accumulation of charge 
carriers in hot spots should therefore lead to a transient 
increase in (S-L). This is exactly what we observe in 
Fig. mb). The maximum of Z\(S • L) coincides with the 
maximum slope of S indicating that spins are flipped 
by being scattered into regions with increased (S-L). 
The corresponding change in spin angular momentum is 
effectively transferred to the lattice in this process with- 
out increasing L Finally the electrons are scattered 
away from the hot spots again, however, without flipping 
spins back. This reduces (S • L) but leaves S quenched 
at longer time delays in Fig. 3. A possible mechanism 
for the latter is that spin-flips decay into magnons which 
leave the sample demagnetized 0, [l^] . 

We finally mention that two different scattering pro- 
cesses can lead to spin fiip scattering. Spins may be co- 
herently excited during the driving laser field flTI . [28| . 
Within the two-state model of Ref. [l^ this may be ex- 
plained by a coherent (de)population of states with dif- 
ferent spin-orbit coupling. This fact alone would nei- 
ther change (S • L) nor the sample magnetization. How- 
ever, the response of the many-electron system leads 
to a dephasing of the coherent laser excitations f28| . 
Presently, the temporal resolution is insufficient to con- 
clusively establish the importance of such coherent ex- 
citations. However, the temporal correspondence of the 
increase in (S • L) with the electronic thermalization, as 
well as the observation of magnetization dynamics after 
the driving laser pulse has passed, indicates the impor- 
tance of a second, incoherent process. In this case, spins 
can be scattered by other (laser-excited) electrons into 
hot spots 0, Q. This was clearly observed for Co 0, 
where demagnetization also occurs after the driving laser 
pulse is over. 

Summarizing, upon pumping with a fs laser pulse a 
thin Ni film reacts with a simultaneous decrease in spin 
and orbital angular momentum with a 130 ± 40 fs time 
constant. During this demagnetization process, the spin- 
orbit coupling is altered such that (S • L) increases by 
6 ± 2 % mainly while the pump laser field is on. This is 
the first direct experimental proof of the importance of 
the spin-orbit interaction during ultrafast demagnetiza- 
tion. 
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